Cell surface glycosaminoglycans play important roles in cell adhesion and viral entry. Laboratory strains of two alphaviruses, Sindbis and Semliki Forest virus, have been shown to utilize heparan sulfate as an attachment receptor, whereas Ross River virus (RRV) does not significantly interact with it. However, a single amino acid substitution at residue 218 in the RRV E2 glycoprotein adapts the virus to heparan sulfate binding and expands the host range of the virus into chicken embryo fibroblasts. Structures of the RRV mutant, E2 N218R, and its complex with heparin were determined through the use of electron cryo-microscopy and image reconstruction methods. Heparin was found to bind at the distal end of the RRV spikes, in a region of the E2 glycoprotein that has been previously implicated in cell-receptor recognition and antibody binding. D
Introduction
Alphaviruses comprise a genus (Togaviridae family) of 26 viruses that are transmitted by arthropods and contain a plus sense RNA genome . They include Ross River virus (RRV), Semliki Forest virus (SFV), Sindbis virus (SINV), and Aura virus. Alphaviruses replicate in a diverse range of vertebrate and invertebrate animals as well as a wide variety of cultured cells. Such a broad host range suggests that alphaviruses may employ a ubiquitous cellular receptor to enter cells, or they may use different sets of receptors for different host cells . In addition to several putative protein receptors described for SINV, heparan sulfate (HS), a cell surface glycosaminoglycan (GAG), has been implicated as important for alphavirus cellular attachment, though it is not absolutely required for infection (Byrnes and Griffin, 1998) . Laboratory strains of SINV (McKnight et al., 1996) display a higher affinity for HS than field isolates (Taylor et al., 1955) and passage of field isolates results in adaptive changes that increase the ability of the virus to utilize HS binding (Klimstra et al., 1998) .
HS is a heterogeneously sulfated, negatively charged GAG that consists of repeating disaccharide units of liduronic acid and d-glucosamine joined by an a (1-4) linkage. HS is implicated in cell adhesion and has been shown to serve as an attachment receptor for several viruses such as foot-and-mouth disease virus (FMDV) (Jackson et al., 1996) , human immunodeficiency virus type 1 (Patel et al., 1993) , dengue virus (Chen et al., 1997) , respiratory syncytial virus (Krusat and Streckert, 1997) , vaccinia virus (Lin et al., 2000) , herpes simplex virus type 1 (WuDunn and Spear, 1989) , and adeno-associated virus type 2 (Summerford and Samulski, 1998 (Fry et al., 1999) . The anionic sulfate group in the bound heparin molecule primarily interacts with the positively charged Arg56 of VP3 and also interacts with Arg135 of VP2. Except for the side chain of His195 of VP1, heparin binding to FMDV did not cause major conformational changes in the viral proteins (Fry et al., 1999) .
Tissue culture adapted strains of SINV (Klimstra et al., 1998) , Venezuelan equine encephalitis virus (Bernard et al., 2000) , and a mutant of RRV (Heil et al., 2001 ) are known to bind heparin. A single amino acid substitution (Asn to Arg) in the RRV E2 glycoprotein at residue 218 produces virus (RRV E2-N218R; hereafter referred to simply as RRV 218 ) that exhibits enhanced HS interaction and an expanded host range for RRV, allowing it to replicate more efficiently in chicken embryo fibroblast cells (Heil et al., 2001) . Based on knowledge of the structure RRV and other alphaviruses Mancini et al., 2000; Paredes et al., 1993; Smith et al., 1995) , it was postulated that HS would bind to E2 at or near residue 218 at the surface of RRV.
The structures of several alphaviruses have been studied using a combination of electron cryo-microscopy (cryo-EM), three-dimensional (3D) image reconstruction, and molecular modeling Mancini et al., 2000; Paredes et al., 1993; Pletnev et al., 2001; Zhang et al., 2002a Zhang et al., , 2002b . Mature virions are 700 2 diameter, spherical particles composed of two concentric protein layers and an intervening lipid membrane. Viral proteins in both layers are arranged with T = 4 icosahedral symmetry (Caspar and Klug, 1962) . The nucleocapsid core consists of 240 copies of the 30 kDa nucleocapsid protein (NCP) Choi et al., 1991) , which encapsidate the 11.7 kb viral genome. The core is enveloped by a lipid bilayer and an outer shell consisting of two surface glycoproteins, E1 and E2, each of which is anchored in the bilayer with a transmembrane segment. E1 and E2 form stable heterodimers that associate as trimers, giving rise to the 80 prominent spikes that project radially outward from the virus surface (Fig. 1A) . The 52 kDa E1 contains the fusion peptide and is responsible for host membrane penetration (Garoff et al., 1980; . E2 (50 kDa) is involved with receptor interaction and cell recognition Strauss et al., 1991) . In an earlier study, the atomic structure of the homologous SFV E1 was fitted into an 11 2 SINV density map and demonstrated that E1 comprises the bulk of the base of the glycoprotein spikes and forms an icosahedral scaffold (Lescar et al., 2001 ; (C) Hemispherical density projection (r = 254 2) of the RRV 218 /HS minus RRV 218 difference map (highest density features appear black). The triangulation net helps illustrate the presence of T = 4 quasi-symmetry and identifies virtual boundaries that separate the 80 trimeric glycoprotein spikes, twenty of which occur at the strict threefold axes and the remaining sixty of which occur at the quasi-three-fold positions. The punctate black dots correspond to the bound heparin molecules. About half of the 240 total heparin molecules are depicted in this hemisphere projection. Scale bar represents 200 2 for panels A-C. (D) Non-equatorial cross-section from the RRV 218 reconstruction, extracted from the portion of the density map highlighted by the dashed line in A. This 1-pixel thick, density projection provides a slightly magnified, alternative view of the internal, multilayered RRV structure comparable to that shown in the top half of panel B. (E) Same as D but from the RRV 218 /HS minus RRV 218 difference map. The most prominent and darkest features (arrow) all occur at a radius centered at 254 2 and are attributable to the presence of heparin molecules in the complex. Scale bar represents 200 2 for panels D and E. Zhang et al., 2002b) . E2 interacts extensively with E1 to form a heterodimer and the C-terminal tail of E2 binds to the NCP (Lee et al., 1996; . To date, no atomic structure of an alphavirus E2 glycoprotein has been determined. Consequently, current knowledge of E2 structure is primarily deduced from analysis of a difference density map computed between the 11-2 SINV reconstruction and a model based on the fitted E1 atomic structure (Zhang et al., 2002b) . This difference map shows E2 to be an elongated molecule that is similar in size and shape to E1 and comprises both the center and highest radius portions of the trimeric spikes.
The locations of the N-linked glycosylation sites in glycoproteins E1 and E2 in SINV, Aura, and RRV have been determined (Pletnev et al., 2001; Zhang et al., 2002a) . The carbohydrate sites in RRV occur on residue 141 in E1 and on residues 200 and 262 in E2. E1-141 and E2-262 are at low radii (b315 2), whereas E2-200 is at radius of 348 2 at the distal tip of the spikes, near the binding site of the E2 monoclonal antibody T10C9 that was identified in previous cryo-EM studies . An escape mutant of this antibody maps to residue 216 of E2 and is therefore just two residues away from the N218R mutation site that confers HS binding to RRV.
Here we present the results of a cryo-EM and 3D image reconstruction study that identifies the site of HS binding to RRV 218 . Image reconstructions of RRV 218 and RRV 218 complexed with HS were computed to 22-and 24-2 resolution, respectively. A difference map between the RRV 218 /HS complex and RRV 218 revealed the presence of 240 ellipsoidal masses that we attributed to the presence of heparin in the complexes. The bound heparin molecules occupy sites at the distal surface of the glycoprotein spikes in regions corresponding to the E2 densities. The heparin binding footprint overlaps that of the E2 monoclonal antibody T10C9 Fab fragment . Knowledge of the location of residue 218 provides an additional landmark on E2 that can help further characterize both the structure and function of this viral glycoprotein. The overlapping footprints of the T10C9 antibody and a cell attachment molecule demonstrate a functional overlap of selected amino acid residues on the viral surface and suggest that T10C9 directly inhibits virus binding to the cell surface.
Results and discussion
Heparin binds to the distal tip of the E2 glycoprotein A 3D reconstruction of the RRV 218 mutant, reliable to 22 2 resolution, was computed from 1007 virus images selected from nine separate micrographs (Table 1 ). The outer surface of the RRV 218 structure (Fig. 1A) is dominated by 80 trimeric glycoprotein spikes that are characteristic of all other alphavirus structures Mancini et al., 2000; Paredes et al., 2003; Zhang et al., 2002a; 2002b) . Cross-sectional views of the reconstruction reveal a multilayered structure comprised of genome, nucleocapsid, membrane, and glycoproteins (Fig. 1B) . Comparison of the RRV 218 reconstruction with the 22 2 resolution reconstruction of wild type RRV (Zhang et al., 2002a) did not reveal any significant structural differences.
A 3D reconstruction at 24 2 resolution of the RRV 218 /HS complex was computed from 706 individual particle images extracted from thirteen micrographs (Table 1) . Though images of vitrified samples containing the RRV 218 /HS complex appear slightly nosier than those of the RRV 218 mutant virus alone, presumably due to a high background concentration of unbound heparin molecules, a difference map between the RRV 218 /HS complex and RRV 218 alone clearly depicted 240 strong density features attributable to bound heparin molecules (Fig. 1E) . Indeed, the magnitudes of these prominent difference density features measured at least three times larger than any other positive or negative features throughout the difference map (Figs. 1C-E). Four independent density peaks occur within each asymmetric unit of the icosahedral structure and their arrangement obeys T = 4 quasi icosahedral symmetry (Fig. 1C) (Pletnev et al., 2001) . The centers of the difference density peaks are all located at a radius of 375 2, which corresponds to the distal ends of the glycoprotein spike petals. In addition, all of these peaks lie at positions that are~54 2 away from the spike axis.
Heparin molecules are known to be long, flexible, and heterogeneous (Fry et al., 1999) . Consequently, heparin is not expected to adopt a unique conformation or structure, and the density we attribute to it in our image reconstruction must therefore represent an average of multiple possible structures. Even so, the four unique heparin densities within each asymmetric unit exhibit a similar ellipsoid shape (~35 2 long and 17 2 diameter) (Fig. 2) . The heparin used in this study contains an average of about 10 disaccharide repeat units with a total mass of~6 kDa. We estimate that each heparin density in the RRV-heparin complex corresponds to about four repeat units. This estimate is based upon reference to the X-ray crystallographic structure of FMDV complexed with its heparin receptor (Fry et al., 1999) , in which two-and-one-half heparin repeat units (5 sugar molecules) occupies a length of 21 2.
The sole loss of a positively charged arginine residue at E2 position 218 renders native RRV incapable of binding heparin. Consequently, heparin binding to the RRV 218 M, number of micrographs; Defocus, range of defocus settings for set of micrographs; P = total number of particle images selected from micrographs; # used, number of particle images included in three-dimensional reconstruction.
mutant is primarily attributed to electrostatic interactions between the negatively charged sulfate groups of heparin and the positively charged arginine and possibly other nearby basic residues. Two lysine residues at positions 215 and 221 are close in sequence to R218 of E2, and though they are insufficient on their own to support productive binding of heparin, they appear to be likely candidates to enhance the association between RRV 218 and heparin. Though the expansion of the host range for the mutant RRV 218 is a consequence of the newly acquired virion-HS interaction, it may be that HS only functions as a coreceptor, which acts to draw virions to the cell surface where they are then able to interact with another or other receptors. Association with HS therefore enhances the accessibility of the true viral receptor to specific interactions with E2. In fact, within alphaviruses, the sequences of the receptorbinding region in E2 (surrounding residue 218) are not conserved, and mutation of one or more residues in this region can result in a mutant virus that utilizes additional receptors and infects an expanded set of hosts.
Aside from the 240 prominent peaks mentioned above, no other significant differences appear in the difference map. Hence, at least at a resolution of 24 2, the RRV structure is unaltered by its association with heparin.
The heparin binding footprint overlaps the footprint of monoclonal antibody T10C9
The E2 glycoprotein of alphaviruses interacts with host cells and is the primary determinant for antibody neutralization Smith et al., 1995) . Several lines of evidence suggest that the distalmost tip of E2 represents a site for both antibody and receptor binding. First, anti-idiotypic antibodies generated against neutralizing antibody SV209 (anti-ID 209) bound to N18 neuroblastoma cells and reduced virus binding by 50%. Anti-ID 209 led to the identification of a receptor for SINV (Ubol and Griffin, 1991) . Second, like SV209, the T10C9 neutralizing antibody to RRV is also believed to recognize an epitope that overlaps or lies adjacent to a receptor interaction site. An epidemic outbreak of RRV in the Pacific islands occurred in 1979-1980. Comparison of the E2 genes from RRV F9073 (Fiji), RRV 213970 (American Samoa), and RRV 215398 (Cook Islands) showed that RRVs 213970 and 215398 have identical sequences whereas F9073 differs by a single amino acid at position 219. Mutation at this position was suggested to result from the recognition of a new host cell receptor (Burness et al., 1988) . E2 residue 219 is located close to an epitope on RRV recognized by neutralizing monoclonal antibody T10C9. Escape mutants of T10C9 map to residue 216 of E2 in RRV . Cryo-EM reconstructions of wild type RRV and SINV complexed with Fab fragments of antibodies SV209 and T10C9, respectively, demonstrated that antibodies bind to the outermost tips of the trimeric glycoprotein spikes .
Comparison of the RRV 218 and RRV 218 /HS reconstructions with those of RRV and SINV to which antibodies had been bound clearly demonstrated an overlap between the HS and antibody binding footprints (Fig. 3) . The centers of the Fab and heparin footprints lie about 10 2 apart. Indeed, the RRV 218 mutant is no longer neutralized by monoclonal antibody T10C9 (Heil et al., 2001) , indicating that residue E2-218 also affects T10C9 reactivity. Extensive overlap of the footprints of antibodies Fig. 3 . Stereo view of neighboring three-fold (3) and quasi-three-fold (q3) spikes in the RRV 218 reconstruction showing the locations of the carbohydrate moieties at residue 200 of the E2 glycoprotein (green dot labeled bSugQ), the difference densities attributed to the heparin molecules (red ellipsoids labeled bHepQ), and Fab molecules (blue atomic model chain traces). The heparin molecules are presumed to bind at E2 residue 218 and the Fabs were earlier shown to bind at or near E2 residue 216. The positions of the carbohydrate moieties in RRV were determined on the basis of inspection of a difference map computed between RRV and SINV. The program DINO (http://www.dino3d.org) was used to help prepare this figure as well as Fig. 4 . Fig. 2 . Shaded-surface stereo view of a portion of the RRV 218 /HS reconstruction with the difference map (red) superimposed to highlight the locations of the heparin molecules at the tips of the trimeric spikes. The viral membrane (green) is visible through the large holes at the icosahedral two-fold axes (central one is labeled b2Q) and also through the smaller holes at the five-fold (two are labeled b5Q). Scale bar is 100 2.
SV209 and T10C9 and heparin supports the hypothesis that the outer portion of the spike tip is a conserved receptorbinding site. Alternatively, additional, non-overlapping regions that recognize cell receptors may be present in alphaviruses.
The carbohydrate moiety at E2 residue 200 in RRV does not appear to mask out either the heparin HS (Heil et al., 2001) or Fab binding sites (Fig. 3) since the density attributed to the carbohydrate chain at residue 200 does not overlap the heparin or Fab density. This contrasts with the situation observed for influenza hemagglutinins (HA). In the fowl plague virus HA ectodomain, the N-linked oligosaccharide chains, which lie in close proximity to the neuraminic aid-containing receptor-binding site, appear to control both receptor-binding specificity and affinity (Ohuchi et al., 1997) . In addition, glycosylation of HA at antigenic epitopes has been shown to interfere with antibody access to viruses (Skehel et al., 1984) . Similar experiments have yet to be performed with alphaviruses.
Residue 196 of the SINV E2 glycoprotein also lies close to the SINV receptor and antibody binding sites (Fig. 4B ) . Loss of the oligosaccharide chain from this site in SINV mutants results in viruses with comparable plaque size but slightly reduced growth rate relative to wild type virus (Pletnev et al., 2001) . It is unknown what role if any the carbohydrate chains that lie close to the receptorbinding region in alphaviruses have.
Landmarks on the E2 glycoprotein
No atomic structure of an alphavirus E2 glycoprotein has been determined. Hence, current knowledge about E2 structure is limited to analysis of a difference map, computed by taking an 11 2 resolution reconstruction of SINV and subtracting out density corresponding to the fitted SINV E1 atomic structure (Zhang et al., 2002b) . Such analysis showed that E2, like E1, has an elongated ectodomain and a C-terminal transmembrane domain. Fig. 4 . Landmarks of the E2 glycoprotein. (A) Stereo view of one SINV spike with densities included for three E2 molecules (yellow, blue, and cyan), three homology models of the E1 ectodomain (green, red, and blue polypeptide backbone traces), and the viral bilayer membrane (green). (B) Same as A but with the E1 homology models and two E2 molecules removed to reveal the approximate locations of several residue dlandmarksT (spheres) on a single E2 molecule. RRV residues 200, 216, and 218, and SINV glycosylation site 196 cluster at the high radius tip of E2,~354-2 from the virus center. The amino terminus of E2 lies near a radius of 325 2. The approximate locations of RRV residue 262 and SINV glycosylation site 318 (on backside of E2 density) are also depicted. The transmembrane portion of E2 starts and ends at residues 364 and 389, respectively. Not depicted is the carboxy terminal portion of E2 (390-422), which extends beneath the viral membrane toward the nucleocapsid.
Close contacts between the E1 and E2 ectodomains result in the formation of a stable heterodimer. Three of these E1-E2 heterodimers associate to form the characteristic trimeric, clover-leaf-shaped spike (Fig. 4A) . The structural roles of E1 and E2 are likely dictated by their locations in the spike. E2 comprises the peripheral surface of the projecting spike and is essential for intra-spike interactions. Though the E1 molecules within a spike do not contact each other, they do contact E1 molecules in adjacent spikes at the base or bskirtQ layer and therefore are responsible for inter-spike interactions.
The approximate locations of several E2 residues in the ectodomain have been determined on the basis of analyses of cryo-EM reconstructions from several, closely related alphaviruses (Pletnev et al., 2001; Zhang et al., 2002a) (Fig.  4B) . For example, in RRV, the glycosylation site at residue 200, the antibody T10C9 binding site at residue 216, and the heparin binding site at residue 218 have all been located within the outermost region of the spike. The second glycosylation site at residue 262 in RRV maps to the central region of the protein ectodomain and lies close to the base of the spike between two neighboring spikes (Pletnev et al., 2001 ). The two glycosylation sites in the SINV E2 glycoprotein at residues 196 and 318 and in the Aura virus E2 at residues 197 and 319 have also been identified in image reconstructions of these two viruses (Zhang et al., 2002a) .
The approximate location of the N-terminus of E2 in alphaviruses was determined in a cryo-EM reconstruction study of a SINV mutant that retains the E3 protein (~10 kDa) (Paredes et al., 1998) , which precedes E2 in sequence. Density attributed to E3 in the SINV mutant spans an equivalent region in RRV, along the outer surface of E2 that extends between residues 200 and 262. Furthermore, a number of other studies indicate that E2 residues 55-61 and 232-234 also lie near the N-terminus of E2. E2 residues 232 and 234 are known to be key determinants of the epitope recognized by the RRV-specific monoclonal antibody NB3C4 (Kerr et al., 1993; Vrati et al., 1988 ). An RRV deletion mutant, in which wild type residues 55-61 are missing, is markedly less reactive with NB3C4 (Vrati et al., 1986) , and a point mutation at residue 4 results in virus poorly neutralized by NB3C4 (Kerr et al., 1993) . The above results collectively provide strong evidence that the N-terminus of E2 occurs at the approximate location depicted in Fig. 4 .
The transmembrane domain of E2 in RRV, which is comprised of residues 364 to 389, is followed by the 33 amino acid, C-terminal tail that lies inside the viral membrane and interacts with the nucleocapsid core . The approximate locations of E2 transmembrane fragments in the cryo-EM reconstruction of SINV at 11 2 resolution serve as additional landmarks on the E2 structure (Zhang et al., 2002b) .
Until an X-ray structure of an alphavirus E2 protein or fragment becomes available, enhanced knowledge of E2 structure is likely to result from the identification of additional landmarks combined with higher resolution cryo-EM reconstruction studies of both native and selectively mutated virus samples. If resolution can be improved to sub-nanometer levels (e.g.,~5 2 or better), details of secondary and tertiary structure are more reliably represented and can be interpreted (Kong et al., 2004) and, in conjunction with secondary structure or 3D structure predictions, may lead to plausible models of how E2 functions throughout the viral infection process.
Materials and methods

Viruses and cells
Wild type RRV strain T48 (RR64) and the N218R mutant (RRV 218 ) were generated by in vitro transcription and transfection into baby hamster kidney (BHK) cells as described (Heil et al., 2001) . Both viruses were plaque purified twice on monolayers of BHK cells. Titers of twice passaged stocks were determined based on the average value obtained from three independent plaque assays. These stocks were used as inoculums for virus production. BHK cells were maintained in minimum essential media supplemented with 7.5% fetal bovine serum (FBS), 1Â PSN (0.05 mg penicillin per ml, 0.05 mg streptomycin per ml, and 0.1 mg neomycin per ml), 2 mM l-glutamine, and 0.1 mM nonessential amino aids (Life Technologies, Rockville, MD).
Virus purification
For high titer virus stocks, BHK cells were adsorbed with virus at a multiplicity of infection of 0.1 plaque forming unit (pfu)/cell for 1 h at 37 8C. Cells were overlayed with minimum essential media supplemented with 3% FBS, PSN, 2 mM l-glutamine per ml, and 0.1 mM non-essential amino acids. Virus was harvested 20 h post-infection. Supernatants were clarified followed by polyethylene glycol 8000 precipitation (10% PEG and 1 M NaCl) for 6 h at 4 8C. The resulting pellet was resuspended in 2 ml of TNE buffer (0.05 M Tris-HCl [pH7.2], 0.1 M NaCl, and 0.001 M EDTA) and layered on top of a linear 20-60% (wt/vol) sucrose gradient. The gradient was centrifuged for 2 h at 160,000 Â g. The viral band was collected by extraction with a needle and syringe and concentrated by centrifugation through a 30% sucrose cushion for 1.5 h at 190,000 Â g. Virus was resuspended in TNE buffer and its titer determined by plaque assay. The measured titers were 3.3 Â 10 9 pfu/ml for native RRV and 1 Â 10 10 pfu/ml for RRV 218 .
Virus-heparin complexes
For cryo-EM and image reconstruction, complexes of RRV 218 and heparin (porcine intestinal mucosa, SIGMA, catalog number H3393) were mixed together at room temperature at a ratio of 1200 molecules of heparin/virion (approximately 5 heparin molecules per molecule of E2). Before cryo-EM experiments, a small sample of the particles and the particle/heparin complexes were analyzed for aggregation and irregular particle morphology by staining with 2%(w/v) uranyl acetate and visual inspection using a Philips EM420 electron microscope. Samples were placed at 4 8C until frozen for cryo-EM.
Cryo-EM and 3D image reconstruction
Cryo-EM and 3D image reconstruction procedures were carried out essentially as described previously (Baker and Cheng, 1996; Baker et al., 1999; Olson et al., 1990 (Zhang et al., 2003) . Micrographs were digitized with a Zeiss-SCAI scanner at 7 Am steps and 2 Â 2 groups of pixels were binaveraged to yield an effective sampling of 3.57 2 in the specimen. The parameters that define the view orientation and origin (h, /, x, x, and y) of each viral image were determined and refined by means of polar Fourier transform (PFT) procedures (Baker and Cheng, 1996) . The interactive graphics routine RobEM (http://www.bilbo.bio.purdue.edu/ baker/programs/programs.html) was used to determine the level of defocus in each micrograph. Corrections to partially compensate for the effects of the microscope contrast transfer function were applied in the EM3DR program, which uses Fourier-Bessel routines to compute 3D reconstructions (Crowther, 1971) . The resolution limit for each of the two final 3D reconstructions was estimated by subdividing the images within a data set into two roughly equal sets from which devenT and doddT reconstructions and then structure factors were computed, and noting the spatial frequency at which the Fourier shell correlation coefficient comparing the devenT and doddT data drops below a 0.5 threshold. On this basis, the resolution limits of the reconstructions of the RRV 218 and RRV 218 /HS complex were determined to be 22 2 and 24 2, respectively. For difference map analysis, the reconstructions of RRV 218 and of the RRV 218 /HS complex were both computed to 24 2 resolution and the maps were scaled in two ways. The pixel sizes in the two reconstructions were first adjusted to minimize differences in the outer leaflets of the viral membranes. Then, all density values in one of the maps were multiplied by a fixed factor and a constant was added in order to minimize differences within a defined radial region in each of the two maps. The precise selection of radii had minimal influence on the final results and their interpretation. In this study, we used density spanning (a) just glycoprotein shell (r 1 = 257 2 to r 2 = 353 2); (b) the genome, capsid, and membrane (r 1 = 0 2 to r 2 = 257 2); (c) the genome and capsid (r 1 = 0 2 to r 2 = 200 2); and (d) just the genome (r 1 = 0 2 to r 2 = 164 2). Regardless of which of the above methods was used to scale the maps, the most prominent difference densities always occurred at the same locations attributable to HS density. The difference map portrayed in Fig. 1E was computed with only the density values for the genome (r 1 = 0 2 to r 2 = 164 2) used for scaling.
